Introduction
============

The ovary is an important female reproductive organ. As the body develops, continuous and dynamic changes occur in the ovary. Follicles are the basic units of ovarian structure and function and are mainly composed of three cell components: oocytes, granulosa cells, and theca cells. The process of folliculogenesis is regulated by signals from these cell components and ultimately manifests as the growth, differentiation, and maturation of the three cell components.

Theca cells are first observed in secondary follicles with two or more layers of granulosa cells even though true theca layers have not been formed.^\[[@R1]\]^ In the antral follicle stage, complete theca layers surrounding granulosa cells are composed of theca cells as the majority, vascular structures and immune cells.^\[[@R2]\]^ The theca interna is composed of theca cells with a steroidogenesis function, vascular endothelial cells, and immune cells, while the theca externa is mainly composed of fibroblast-like cells.^\[[@R3]\]^ In general, the function of theca layers in antral follicles can be summarized as the synthesis of hormones and secretory factors such as androgens and bone morphogenetic proteins (BMPs), the transport of nutrients to granulosa cells, cumulus cells and oocytes through vascular structures, and the provision of structural support for spherical follicles. After rupture of the theca layers and basal lamina during ovulation, theca cells invade into granulosa cell layers as well as vascular and immune cells, resulting in the formation of the corpus luteum.^\[[@R4]\]^ In addition to forming the corpus luteum, the more common fate of theca cells is atresia. Theca cells undergo apoptosis early or late during follicle atresia according to the stage of folliclogenesis.^\[[@R5]\]^

Though critical, investigations into theca cells have long been neglected. Many questions about theca cells and theca layers remain to be answered. For example, where do the cells in the process of recruitment originate? Do fibroblast-like cells in the theca externa play a role in ovulation and what is the extent of the role? Can theca cell lines be cultured *in vitro*? How do vascular and immune factors in theca layers affect the follicular ecosystem? Focusing on the question of where theca cells originate, this article discusses the origin of theca cells and the factors involved in their recruitment and differentiation, which will help us comprehensively understand the mystery of theca cells' life cycle.

Origin and Differentiation of Theca Cells
=========================================

The formation of theca layers is an important physiological event in the early stage of folliculogenesis. Two main theories address the origin of theca cells. In 2007, several scientists accidentally purified and isolated putative theca cells from the ovaries of newborn mice after luteinizing hormone (LH)-induced differentiation.^\[[@R6]\]^ These cells were similar to fibroblasts in morphology and could be induced to differentiate into steroidogenic cells.^\[[@R6]\]^ These cells are regarded as theca stem cells because of their ability to self-renew and differentiate *in vivo* and *in vitro*,^\[[@R6]\]^ reflecting the first theory that theca cells originate from stem cells. However, whether the isolated cells were real theca stem cells was uncertain due to their impurities resulting from the material acquisition method,^\[[@R6]\]^ and no further studies have been found to reinforce this theory.

The other more accepted theory is that theca cells originate from progenitor cells in embryos. This theory is based on a study that found two theca cell progenitors by constructing a *Gli*^*+*^ cell lineage tracing model of the mouse embryogenesis process. These two progenitors are Wilms tumor 1 positive (*Wt1*^*+*^) cells from gonadal primordium and *Gli1*^*+*^ cells migrated from the mesonephros^\[[@R7]\]^ \[Figure [1](#F1){ref-type="fig"}\]. Furthermore, by comparing the transcriptomes of these two progenitors, genes associated with steroidogenesis, including steroidogenic acute regulatory steroidogenic acute regulatory (*Star*), cytochrome P450 17A1 (*Cyp17a1*), cytochrome P450 11A1 (*Cyp11a1*), and LH/choriogonadotropin receptor (*Lhcgr*), were found to be enriched in mesonephros-derived *Gli1*^*+*^ cells, while estrogen receptor 1 (*Esr1*), *Wt1*, and genes involved in cell growth and proliferation were more enriched in ovary-derived *Gli1*^*+*^ cells. The significance of the two progenitors may be that they can differentiate into different functional cells and play different but synergetic roles in folliculogenesis and the maintenance of endocrine function.

![Model for the origin of theca cells derived from two kinds of progenitor cells. GDF-9: Growth differentiation factor 9; Dhh: Desert hedgehog; Ihh: India hedgehog.](cm9-133-1711-g001){#F1}

This pattern of origination and differentiation through two progenitors is similar to that of Leydig cells in the testes. During the development of rodent embryos from embryonic day (E)12.5 to E15.5, Leydig cells underwent a dramatic increase in number, some of which were derived from steroidogenic factor 1-positive (*Sf1*^*+*^) cells *in situ* in the gonad, while others were derived from the mesonephros, coelomic epithelium, and neural crest.^\[[@R8]\]^ Based on these findings, we can also identify some similarities in the development of reproductive organs. In the process of embryonic development, some cells can influence the differentiation orientation of adjacent cells. This phenomenon in embryonic development may be caused by *in situ* signaling by differentiated gonadal cells to induce the differentiation and migration of neighboring mesonephros cells.

Signaling Molecules Involved in the Origin and Differentiation of Theca Cells
=============================================================================

Research on the molecular mechanism regulating the origin and differentiation of theca cells is limited and superficial at present, and establishing an accepted model to reveal this mechanism is therefore difficult. According to previous research, we can infer that the origin and differentiation of theca cells must not be regulated by a single factor but rather by multiple factors that form a complex network \[Figure [2](#F2){ref-type="fig"}\]. However, whether one or more of these factors play a key regulatory role remains unknown.

![Signaling molecules that regulate the recruitment, differentiation, and proliferation of theca cells. GDF-9 and BMP-15 are oocyte-derived factors. Dhh, Ihh, KL, LIF, and KGF are granulosa cell-derived factors. HGF and KGF are theca cell-derived factors. GH and insulin are factors from the outside of the ovary. Arrows indicate the relationship of positive regulation. The arrows pointing to the recruited theca cells indicate that these factors contribute to the recruitment, differentiation, and proliferation of theca cells. Factors in italics indicate that their regulation on theca is conjectural and uncertain. GDF-9: Growth differentiation factor 9; BMP-15: Bone morphogenetic protein 15; Dhh: Desert hedgehog; Ihh: India hedgehog; KL: Kit ligand; IGF-1: Insulin-like growth factor 1; LIF: Leukemia inhibitory factor; KGF: Keratinocyte growth factor; GH: Growth hormone.](cm9-133-1711-g002){#F2}

Despite the existing uncertainty, the differentiation of theca cells is known to be regulated by the local follicular environment. A granulosa-theca cell co-culture experiment showed that theca cell proliferation can be stimulated and steroid hormone secretion can be increased by the presence of granulosa cells.^\[[@R9],[@R10]\]^ In addition, granulosa cells are involved in the differentiation and acquisition of LH responsiveness in stromal cells of the ovarian cortex.^\[[@R11]\]^ Moreover, studies have found that the formation of theca layers can be affected by oocytes.^\[[@R12]\]^

Consistent with the results of co-culture experiments, most of the factors involved in the differentiation of theca cells were synthesized by oocytes and granulosa cells in previous studies. The proliferation, differentiation, and steroidogenesis of theca cells can be modulated by these factors. In addition, hormones from other parts of the body may also be transported to the ovary through the circulatory system to affect theca cell recruitment, but research on this topic is limited. The following section will discuss the functions of oocyte-derived (growth development factor 9 \[GDF-9\], BMP-15) and granulosa cell-derived factors (desert hedgehog \[Dhh\], Indian hedgehog \[Ihh\], kit ligand \[KL\], and insulin-like growth factor 1 \[IGF-1\]).

Hedgehog Pathway
================

The hedgehog (Hh) pathway is currently believed to play an important role in regulating the origin of theca cells. The Hh pathway was first identified in *Drosophila* for its function in regulating the formation of body segments.^\[[@R13]\]^ Later, this pathway was also found to be crucial for regulating sexual differentiation,^\[[@R14]\]^ normal organ development and pathological processes,^\[[@R15]\]^ especially tumorigenesis.^\[[@R16]\]^ Based on the study in *Drosophila*, the Hh pathway was found to mainly consist of the ligand Hh, the receptor patched (PTCH),^\[[@R17]\]^ the intermediate protein smoothened (SMO),^\[[@R18]\]^ and the transcription factor cubitus interruptus (Ci).^\[[@R19]\]^ The process of signal transduction can be described as follows.^\[[@R19]\]^ PTCH without Hh binding inhibits the expression and activity of SMO on the membrane. This inhibition results in phosphorylation of Ci and causes its ubiquitination to form a 75-kD fragment (Ci-75). These fragments accumulate in the cytoplasm and diffuse into the nucleus to inhibit the expression of target genes.^\[[@R20]\]^ When Hh is present, SMO is activated via its phosphorylation sites, protein kinase A and casein kinase 1.^\[[@R21]\]^ Then, SMO transmits signals to Ci through the Costal-2 (Cos2)-fused (Fu) complex, causing the dephosphorylation and release of Ci into the cytoplasm.^\[[@R22]\]^ The expression of target genes is the result of both Ci accumulation and Ci-75 fragment decreases.^\[[@R23]\]^

The ligand Hh has three homologous genes in mammals: *Shh*, *Ihh*, and *Dhh*. The expression of *Dhh*, *Ptch1*, *Gli1*, and *Gli2* was absent in fetal mouse ovaries,^\[[@R24]\]^ while in adult mouse ovaries, the Hh pathway was activated. Dhh and Ihh were mainly produced by granulosa cells, while PTCH1/2, huntingtin-interacting protein 1 and Gli1 were mainly located in adjacent theca cells.^\[[@R7],[@R25]\]^ In the same study that found the two theca cell progenitors, the function of the Hh pathway in regulating theca cell formation and differentiation was also identified.^\[[@R7]\]^ In mice with specific knockout of *Dhh* or *Ihh* in granulosa cells, the expression of steroidogenic genes, such as *Cyp17a1*, *Star*, and hydroxysteroid dehydrogenase 3B1 (*Hsd3b1*), was significantly decreased, and the formation of theca layers, as well as the growth of antral follicles, was inhibited.^\[[@R7]\]^ Moreover, the expression of *Dhh* and *Ihh* in granulosa cells was regulated by oocyte-secreted GDF-9^\[[@R7]\]^ \[Figure [1](#F1){ref-type="fig"}\], resulting in the formation of an axis composed of GDF-9 (oocytes), Dhh/Ihh (granulosa cells), and PTCH (theca cells), which plays a crucial role in the formation of theca layers. Sequencing human oocytes and granulosa cells at each stage of folliculogenesis showed that similar to rodents, *DHH* and *IHH* were highly expressed in granulosa cells of all stages, especially antral follicles, while *SHH* expression was low. *GDF-9* was highly expressed in oocytes at all stages.^\[[@R26]\]^ Therefore, this axis also exists in human follicles and mediates the formation and differentiation of theca layers.

SMO is a seven-transmembrane signal transduction protein located on the cell membrane and serves as a "bridge" linking PTCH and Gli in the Hh pathway. *Amhr2*^*cre/+*^*SmoM2* mice were genetically engineered with a *cre/loxP* strategy to conditionally express *Smo*-dominant active allele *SmoM2* in the ovaries.^\[[@R27],[@R28]\]^ The expression of *Smo* in these mutant mice was significantly higher than that in controls.^\[[@R27]\]^ Current studies related to SMO in follicles are mostly based on this transgenic mouse model. These mutant mice were first found to be infertile and to lack smooth muscle in follicles. Specifically, from the perspective of the follicular growth trajectory, oocytes were trapped in follicles after entering the ovulation stage. In mutants, the expression levels of genes related to smooth muscle calponin 1 (*Cnn1*), desmin (*Des*), actin, gamma 2, smooth muscle, enteric (*Actg2*), and transgelin (*Tagln*) were significantly decreased, and α-smooth muscle actin (*α-SMA*), a smooth muscle fibroblast marker, showed low expression.^\[[@R27]\]^ This team then explored the causes of anovulation further and found that the density of endothelial tubes labeled by platelet endothelial cell adhesion molecule (PECAM) was increased in the ovarian cortex, and muscle-type vascular support cells were insufficient in theca layers.^\[[@R28]\]^ Vasoconstriction of follicular vessels is an important factor causing follicle rupture and ovulation.^\[[@R29]\]^ Therefore, vascular dysplasia is one of the reasons why excessive activation of the Hh pathway (namely, over-expression of *Smo*) leads to the occurrence of anovulation.

TGF-β Superfamily (GDF-9 and BMP-15)
====================================

The differentiation and proliferation of theca cells are controlled by ovary-derived signals, and the TGF-β superfamily plays an important role. The composition of the TGF-β signaling pathway in ovaries varies across species.^\[[@R30]\]^

BMP-15 and GDF-9 are the two most noteworthy members involved in oocyte regulation of theca cell function. Several events are affected by the absence of GDF-9, such as oocyte maturation, ovulation, follicular cell proliferation, and steroid hormone synthesis. GDF-9 is thus an essential regulator in the development of many mammalian follicles.^\[[@R31]--[@R35]\]^ The effect of GDF-9 on theca cells can be divided into two parts: proliferation and physiological function. Ovarian *Gdf9*-deficient mice lost the ability to recruit theca progenitors.^\[[@R12]\]^*In vivo* experiments in rats and *in vitro* experiments in cattle showed that GDF-9 can promote the proliferation of theca cells.^\[[@R36],[@R37]\]^ The GDF-9 (oocyte)-Dhh/Ihh (granulosa cell)-PTCH (theca cell) signaling axis mentioned above might be the regulatory mechanism in this process.^\[[@R7]\]^ The effect of GDF-9 on the physiological function of theca cells is mainly reflected in the expression level changes of steroid hormones, such as androgens and progesterone (PRG). When oocytes were injected with GDF-9 anti-sense oligos, CYP17A1 mRNA and androgen production were inhibited in follicles, which could be relieved by exogenous GDF-9.^\[[@R38]\]^ GDF-9 may also promote the growth of follicles indirectly by up-regulating androgen levels as androgen is the main raw material for the synthesis of estrogen by granulosa cells.^\[[@R38]\]^ Theca cells at different stages of folliculogenesis have diverse responses to GDF-9. In small follicles, GDF-9 could reduce the production of PRG and androstenedione (AND) in theca cells in a dose-dependent manner, whereas in large follicles, theca cells did not respond to IGF-1-induced cell proliferation and steroid production.^\[[@R36]\]^ BMP-15, which is secreted by oocytes, plays an important role in regulating follicular cell recruitment and development, ovulation, atresia, and steroid hormone secretion.^\[[@R30]\]^ Some observations *in vitro* showed that BMP-15 promotes the expression of genes related to theca cell maturation. Due to the strong correlation between oocyte-derived GDF-9 and BMP-15 in various species, their regulatory effects on granulosa cells and cumulus cells are also comparable. However, unlike GDF-9 that had lots of experimental results to support, the regulation of BMP-15 on theca cells' origin and recruitment was mostly based on speculation and more evidence was needed to clarify this problem.

BMP-4 and BMP-7 are two important factors that regulate ovarian folliculogenesis and steroidogenesis. BMP-7 is mainly expressed in the theca interna, while BMP-4 is expressed in both the theca interna and externa.^\[[@R39],[@R40]\]^ Similar to mothers against decapentaplegic (Smad) 2/3 are the main intracellular signal transduction molecules of these two ligands. Studies on the functions of these two factors have mainly focused on the influence of folliculogenesis, granulosa cell proliferation, and hormone secretion. BMP-7 can positively regulate folliculogenesis progression before the antral follicle stage but significantly inhibited ovulation.^\[[@R41]\]^ Similar to BMP-7, BMP-4 could also promote the transformation from primordial follicles to primary follicles.^\[[@R42]\]^ Both BMP-4 and BMP-7 could affect the process of follicle-stimulating hormone-stimulated steroidogenesis in granulosa cells, where estradiol (E~2~) was promoted while PRG was inhibited.^\[[@R40],[@R43]\]^ Recently, studies have shown that BMP-4 and BMP-7 can also regulate the function of theca cells through autocrine mechanisms.^\[[@R44]\]^ This regulation was mainly reflected in the inhibition of androgen production in cultured theca cells.^\[[@R43],[@R44]\]^ The mechanism was BMP-4- and BMP-7-induced down-regulation of the expression of enzymes associated with steroidogenesis, such as CYP17A1, StAR, and 3β-hydroxysteroid dehydrogenase, through aggregation of intracellular phosphorylated Smad1.^\[[@R44]\]^ Overall, the main target follicular cells of BMP-4 and BMP-7 are granulosa cell and oocyte, and their main effect on theca cell is regulating the steroidogenesis but not recruitment or proliferation.

The receptors of TGF-β and BMP ligands are both transmembrane serine/threonine kinase receptors, which have similar characteristics, and comprise type I receptors, including activin receptor-like kinase 1 to 7 (ALK 1--7), and type II receptors, including activin type II/IIB receptor (Act RII/IIB), anti-Mullerian hormone receptor type 2 (AMHRII), TGF-β receptor type 2 (TGF-βRII), and BMP receptor type 2 (BMPRII).^\[[@R45],[@R46]\]^ In the presence of ligands, two type I receptors form heterotetramers with two type II receptors, which are then phosphorylated, further activating the downstream Smad pathway.^\[[@R46]\]^ GDF-9 is mainly bound to the ALK5 and BMPRII receptors, while BMP-15 is mainly bound to the ALK6 and BMPRII receptors.^\[[@R47]\]^ ALK5 activates Smad2/3, and ALK6 activates Smad1/5/8.^\[[@R47]\]^ In addition to forming homodimers, GDF-9 and BMP-15 can also function as heterodimers, which activate the downstream Smad2/3 pathway by binding to the receptors formed by ALK4/5/7 and BMPRII.^\[[@R48],[@R49]\]^ Heterodimers are more bioactive than homodimers in promoting cumulus expansion *in vivo* in mice and humans.^\[[@R49]\]^ The distribution of these receptors on theca cells in different species is also heterogeneous. For example, BMPRIA (also known as ALK3) and BMPRIB (also known as ALK6) were expressed in rat theca cells, but BMPRII was not.^\[[@R39]\]^ Immunohistochemistry showed that BMPRIA, BMPRIB, and BMPRII were all weakly expressed in theca cells of porcine antral follicles.^\[[@R50]\]^ Although the relationship between the TGF-β superfamily and folliculogenesis and follicular function has been extensively studied, evidence for the effect of these factors on theca cells is still limited. The distribution of these receptors on theca cells suggests to some extent that these ligands may directly act on theca cells, which requires further exploration.

Kit Ligand and the c-Kit System
===============================

KL is the first granulosa cell-derived factor that has been confirmed to be involved in the regulation of theca cell function.^\[[@R51]\]^ KLs, which are also known as stem cell factor, steel factor, and mast cell growth factor, are mainly secreted by granulosa cells in many mammals.^\[[@R51]--[@R53]\]^ According to the alternative splicing forms of mRNA, KL can be divided into the soluble (KL-1) and membrane spanning (KL-2) subtypes. KL-2 mainly mediates anchoring adhesion and direct signal communication between cells, while KL-1 mainly functions through autocrine and paracrine mechanisms.^\[[@R54]\]^ Initially, these two forms are similarly anchored to the plasma membrane. KL-1 has a cleavage site encoded by exon 6, which is absent in KL-2.^\[[@R55]\]^ The expression patterns of KL subtypes are diverse in different mammals. KL-1 and KL-2 are both expressed in antral follicles in goats, whereas only KL-1 can be expressed in the early stage of folliculogenesis.^\[[@R56]\]^ KL-1 is preferentially expressed in the ovarian surface epithelium in rats.^\[[@R57]\]^ KL-2 is highly expressed in the early stage of human folliculogenesis, while KL-1 is mainly expressed in the pre-ovulatory stage.^\[[@R58]\]^ Interestingly, western blot results showed that in addition to 36 kD (KL-1) and 33 kD (KL-2) bands, an unknown 29 kD band emerged in human pre-antral and antral follicles, which disappeared after the addition of an anti-KL antibody, indicating the existence of another KL subtype in humans, which may be highly expressed in all follicle stages.^\[[@R58]\]^

C-kit, the membrane receptor of KL, belongs to the type III tyrosine kinase receptor family and has five extracellular immunoglobulin-like loops, an α-helix transmembrane domain, and two intracellular tyrosine kinase domains.^\[[@R54]\]^ The presence of KL will dimerize two c-kit monomers, the two inner immunoglobulin-like loops will reorient and move closer to each other, and then further interactions will occur between the two α-helices.^\[[@R54],[@R59],[@R60]\]^ Subsequently, the intracellular tyrosine residues are phosphorylated and then transmit signals via the phosphoinositide 3-kinase (PI3K), phosphatase and tensin homolog, mitogen-activated protein kinase, and Janus kinase/signal transducers and activators of transcription pathways to various parts of the cell.^\[[@R60]\]^ C-kit can be expressed in the theca cells of many vertebrates and is abundant in the secondary and antral theca cells of mice, bovines, hogs, and goats^\[[@R51],[@R52],[@R55]\]^ but is less abundant in the antral theca cells of rabbits.^\[[@R53]\]^ In human premenopausal ovaries, the temporal and spatial expression specificities of KL and c-kit systems are not significant. Immunohistochemistry results showed that these two factors were expressed more or less in various cell types (granulosa cells, theca cells, and stromal cells) of all stages except for atresia follicles (from primordial to antral),^\[[@R58]\]^ suggesting that this signaling system in humans may function in different manners, including in a paracrine and autocrine manner.^\[[@R58]\]^

The regulatory effects of KL on theca cells include recruitment, proliferation, and steroidogenesis. Parrott and Skinner^\[[@R61]\]^ called KL the "theca cell organizer" because they found that KL could promote the proliferation and recruitment of specific undifferentiated stromal cells to surround primary follicles. Interestingly, KL could increase the production of steroids (mainly AND) in theca cells but had no effect on the production of PRG or AND in stromal cells (high expression of AND and PRG is a significant and vital theca cell feature); that is, KL alone cannot drive stromal cells to differentiate.^\[[@R61],[@R62]\]^ KL is thought to be associated with androgen synthesis in somatic cells of reproductive organs. The peak of c-kit in Sertoli cells is consistent with the time of testicular androgen peaks in various animals' reproductive cycles. In the reproductive cycle of the seasonal breeder green frog, the time at which c-kit peaked in Sertoli cells coincided with the time at which androgen peaked in the testis.^\[[@R63]\]^ The concentration of soluble c-kit in human follicles was significantly correlated with the concentrations of testosterone (T) and ADH in FF.^\[[@R64]\]^ However, the relationship between KL and steroidogenesis in theca cells and the associated regulatory mechanisms remain to be explored in more detail.

Keratinocyte growth factor (KGF) and hepatocyte growth factor (HGF) are two theca cell-derived factors that can modulate the expression of KL in granulosa cells,^\[[@R65],[@R66]\]^ and KL can modulate the expression of KGF and HGF in response,^\[[@R65],[@R66]\]^ creating a positive feedback loop between granulosa cells and theca cells. Therefore, the recruitment and proliferation of theca cells may be regulated by KGF and HGF indirectly through this feedback loop.

Insulin-Like Growth Factor
==========================

IGF, including IGF-1 and IGF-2, is a protein that is typically produced by the liver in response to GH stimulation.^\[[@R67]\]^ IGF-1, which is produced by granulosa cells locally in the ovary,^\[[@R68]\]^ is recognized to stimulate the proliferation and steroidogenesis of theca cells in a paracrine manner.^\[[@R1],[@R69]\]^ In the presence of IGF-1, IGF receptor is activated to transfer signals to organelles and the nucleus through the PLC/PKC and PI3K/Akt pathways.^\[[@R70]\]^ Furthermore, extensive evidence has shown that IGF-1 can promote the differentiation of theca cells *in vitro*. For example, the expression of LH receptor, which indicated the differentiation of theca cells, could be increased when IGF-1 was added to rat theca cell culture medium.^\[[@R71]\]^ Androgen could be synthesized by cultured human stromal tissue with insulin and IGF addition to the medium.^\[[@R72]\]^ Furthermore, another non-negligible function of IGF-1 is increasing the number of gap junctions between theca-granulosa cells and granulosa cell-oocytes, thus facilitating signal communication between follicular cell components.^\[[@R73]\]^

Growth hormone (GH), another irreplaceable hormone contributing to the growth and development of the body, is the precursor in the liver for IGF-1 synthesis. GH could positively regulate the secretory activity of IGF-1 through the cAMP/protein kinase A signaling pathway in cultured bovine granulosa cells^\[[@R74]\]^ and thus indirectly stimulate the proliferation and differentiation of theca cells. Previous studies reported the presence of GH receptor (GHR) mRNA in bovine theca cells,^\[[@R75]\]^ implying a direct effect of GH on theca cells. However, evidence for this direct effect in humans was insufficient because GHR mRNA was not detected in the human theca interna and externa.^\[[@R76]\]^ GH can also impact the effect of Gn on follicular somatic cells. The density of follicle-stimulating hormone receptor and LH receptor could be increased in human granulosa cells when treated with GH,^\[[@R77]\]^ but whether GH has a similar effect on theca cells remains questionable.

Other Signals
=============

Many other factors may be related to the differentiation and function of theca cells. Basic fibroblast growth factor, a factor produced by oocytes, granulosa cells, and theca cells,^\[[@R78],[@R79]\]^ could promote folliculogenesis as well as growth and steroidogenesis of theca cells and granulosa cells.^\[[@R79],[@R80]\]^ PCOS is a reproductive endocrine disorder in women of childbearing age characterized by hyper-androgenemia. Ovarian theca cells are thought to be one of the main sources of excess androgen in PCOS patients. Retinoic acid and GATA6 can increase the expression of *CYP17A1*, thus promoting androgen production.^\[[@R81],[@R82]\]^ By comparing the transcriptomes of normal and PCOS theca cells, the expression of *GATA6*, retinoic acid synthase, aldehyde dehydrogenase 6 (*ALDH6*), and retinol dehydrogenase 2 (*RDH2*) was found to be increased in PCOS patients.^\[[@R82],[@R83]\]^ Another important change in PCOS theca cells was inhibition of the wingless-int (Wnt) signaling pathway as demonstrated by up-regulation of Wnt antagonists (secreted frizzled-related protein 4 \[*sFRP4*\]and dickkopf-related protein 1 \[*DKK1*\]) and down-regulation of *Wnt5A*.^\[[@R83]\]^ In addition, Wnt signals may also play an important role in folliculogenesis. A study comparing the transcriptomes of theca layers from normal bovine antral follicles with different diameters (3--5 and 9--12 mm) found that Wnt was the most significant pathway as evidenced by down-regulation of *Wnt2B* and up-regulation of the Wnt inhibitor frizzle-related protein (*FRZB*) in large follicles.^\[[@R2]\]^ This change may indicate that the Wnt signaling pathway plays a role in the development of theca layers. However, due to the complex cellular composition of theca layers, whether this change occurs in theca cells or other cell types and whether the cause is a change in cell function or cell type composition remain to be further explored.^\[[@R2]\]^ Hyper-insulinemia is also an important clinical manifestation of PCOS. Excessive insulin can increase CYP17A1 activity in theca cells^\[[@R62]\]^ and promote LH-, IGF-I-, and GDF-9-mediated androgen production.^\[[@R38],[@R84]\]^ PCOS is a complicated reproductive system disease affected by many factors, such as genetic and environmental factors. Understanding the functional status of theca cells in PCOS patients will be helpful for studying the physiological function, regulatory factors, and pathological status of theca cells.

Conclusions
===========

Folliculogenesis is a dynamic process involving oocytes and somatic cells. Any changes or loss in the function of a cell component can affect normal folliculogenesis. Although research on theca cells has been neglected to date, the role of theca cells in folliculogenesis, especially in antral follicles and the later stages, is undeniably essential. The formation of theca layers involves many events, such as the recruitment and growth of theca cells and the development of vascular structures. The complex and orderly regulatory system composed of various factors derived from oocytes, granulosa cells, and signaling pathways in theca cells plays an important role in the recruitment and differentiation of theca cells. At the same time, theca cells can also produce a variety of factors involved in the regulation of follicular function. Studying the derivation, differentiation, and function of theca cells will help us to systematically elaborate the mechanism of follicular formation and development, improve the quality of follicles and the developmental potential of embryos, and treat clinical PCOS and other diseases that may involve theca cell dysfunction.
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